The purpose of this method is to provide a flexible, rapid, and quantitative technique to examine the kinetics of DNA-protein crosslink (DPC) repair in mammalian cell lines. Rather than globally assaying removal of xenobiotic-induced or spontaneous chromosomal DPC removal, this assay examines the repair of a homogeneous, chemically defined lesion specifically introduced at one site within a plasmid DNA substrate. Importantly, this approach avoids the use of radioactive materials and is not dependent on expensive or highly-specialized technology. Instead, it relies on standard recombinant DNA procedures and widely available real-time, quantitative polymerase chain reaction (qPCR) instrumentation. Given the inherent flexibility of the strategy utilized, the size of the crosslinked protein, as well as the nature of the chemical linkage and the precise DNA sequence context of the attachment site can be varied to address the respective contributions of these parameters to the overall efficiency of DPC repair. Using this method, plasmids containing a site-specific DPC were transfected into cells and low molecular weight DNA recovered at various times post-transfection. Recovered DNA is then subjected to strand-specific primer extension (SSPE) using a primer complementary to the damaged strand of the plasmid. Since the DPC lesion blocks Taq DNA polymerase, the ratio of repaired to un-repaired DNA can be quantitatively assessed using qPCR. Cycle threshold (CT) values are used to calculate percent repair at various time points in the respective cell lines. This SSPE-qPCR method can also be used to quantitatively assess the repair kinetics of any DNA adduct that blocks Taq polymerase.
Introduction
Described herein is a PCR-based assay termed SSPE-qPCR. The purpose of this method is to quantify DPC repair on plasmid DNA transfected into repair deficient and proficient mammalian cells. This assay is rapid, quantitative, extremely flexible, and directly measures repair activity. While this report focuses on the use of this methodology to study repair of DPCs, results presented below illustrate that repair of any lesion that blocks Taq polymerase can be studied using this methodology.
The rationale behind the development of this method is to gain insight into the mechanisms through which mammalian cells repair DPCs. Unlike other types of DNA damage, DPCs are massively diverse 1, 2 . Studies have demonstrated that hundreds of cellular proteins can become crosslinked to DNA and that for each protein there are, in principle, numerous amino acid side chains that could become covalently attached to cellular DNA 3 . In addition, there are numerous chemical attachment points for proteins onto the DNA backbone, including several positions on the nucleotide bases as well as on the ribose sugar 4, 5 . This chemical diversity raises the prospect that distinct biochemical pathways may be relied upon to repair different types of DPCs. It was with this concern in mind that the SSPE-qPCR assay was developed.
Several techniques have been developed to gain insight into the molecular biology of cellular DPC repair. The following provides an overview of the major approaches that have been developed, with a summary of the major strengths and weaknesses each possess. It is worth stressing that while this summary focuses on studies of DPC repair in mammalian cell culture systems, significant contributions to the current model of DPC repair have been made using microbial and cell-free systems that are not discussed in this manuscript.
Perhaps the easiest strategy that can be taken to gain insight into the genetics of DPC repair is to assess the respective sensitivity to cell death observed in wild-type and mutant cells exposed to agents that induce DPCs 6, 7 . This strategy is relatively fast, inexpensive, and does not require specialized expertise beyond the ability to perform basic cell culture techniques. Counterbalancing these advantages are numerous limitations to this approach including the following. First, the assay does not directly measure DNA repair. The working assumption underlying this strategy is that inactivating mutations in genes encoding relevant DNA repair proteins results in an accumulation of DNA damage that triggers programmed cell death. However, mutations in genes encoding non-DNA-repair proteins could, in principal, enhance (or reduce) cellular sensitivity to xenobiotic-induced cell death. Second, agents that create DPCs invariably induce other types of DNA damage (one exception is 5-aza-2'-deoxycytadine, but this agent also depletes cellular methyltransferase levels hypersensitivity to the agent in question may reflect defects in repair of interstrand crosslinks or other lesions. Third, as was mentioned above, DPCs represent a vastly heterogeneous class comprised of different types of chemical crosslinks, involving different protein partners. It is possible that while repair of one or more sub-types of these lesions may be altered in a particular genetic background, this difference may not be sufficient to significantly alter cellular hypersensitivity to death induced by this agent. In summary, while this strategy represents an attractive starting point, the limitations outlined above highlight the importance of pursuing other, more direct methods to study the kinetics of DPC repair.
A number of related approaches have been developed to achieve this objective. For instance, investigators have developed methods to distinguish between 'free' DNA and 'protein-bound' DNA 9, 10, 11 . Using these approaches, it is possible to compare steady-state levels of DPCs or following exposure to a DPC-producing agent in different genetic backgrounds. The two strategies that have been most widely used involve separating DPC-containing DNA from free DNA using either a nitrocellulose membrane binding strategy or KCl/SDS precipitation 12, 13 . In the former approach cells are lysed and passed through a nitrocellulose filter. Because nitrocellulose binds protein, the filter retains protein-linked DNA, permitting free DNA to pass through. In the latter strategy protein-bound DNA is separated from free DNA based on the fact that SDS binds to protein but not DNA, and can be precipitated by the addition of KCl. Consequently, protein-linked DNA becomes insoluble while unbound DNA remains in solution. DPC-containing DNA can then be quantitated using radiolabeled thymidine (if cells were initially metabolically labeled) or by a DNA-selective fluorescent dye like Hoechst 33258. These methods are reproducible and require a small number of steps. However, they do not provide information regarding the nature of the chemical crosslink through which protein is attached to DNA. Furthermore, it is important to note, these assays may over-estimate DPC repair by falsely scoring incomplete repair, i.e., proteolytic processing to smaller DNA-peptide crosslinks that may not be as easily trapped or precipitated, as bona fide DNA repair.
Comet assays can be used to visualize DPC formation in cells 14 . In these experiments, the presence of DPCs decrease DNA migration which can then be reversed by pretreating with proteinase K. Therefore, the length of the tail can be used to estimate DPC formation. However, as mentioned above, DPC-forming drugs create other types of DNA damage which could alter tail length. This protocol is also highly technical and requires expertise and training in confocal imaging.
Mass spectrometry can be used to study DPC repair kinetics following treatment with crosslinking agents 15, 16, 17 . These experiments treat cells with DPC-forming agents and isolate DPCs via biotin capture or phenol:chloroform (1:1) extraction. Mass spectrometry can then be used to identify the crosslinked proteins or quantitate the amount of DPCs formed over time. The major advantage of this approach is the nature of the data produced. It is possible to precisely catalog the types of proteins that become crosslinked following exposure to a xenobiotic, however, this protocol is expensive, time consuming, and is limited by the type of crosslink that can be detected.
Maizels et al. developed a sensitive 'RADAR' (rapid approach to DNA adduct recovery) assay to quantitate immunodetection of DNA-protein adducts as well as an ELISA-based RADAR assay 18, 19 . These assays are especially useful for trapping DNA-protein intermediates that transiently form in cells and generate samples suitable for mass spectroscopy to identify new protein adducts. This immunodetection assay relies on the availability of antibodies to capture the DNA-protein crosslink and, therefore, may not be capable of detecting degraded DNA-peptide adducts that form during repair. Recently, a specific DPC repair pathway linked to DNA replication and a DNA-dependent metalloprotease Spartan was discovered in which DPCs are proteolyzed to smaller peptides during repair 20, 21 . Inherited mutations in this gene are associated with Ruijs-Aalfs syndrome in humans, a disease characterized by genomic instability, premature ageing, and liver cancer 22 . Mice with genetically engineered Spartan gene defects display similar phenotypes 23 .
Host-cell reactivation of transcriptional activity has been used to study the repair of defined lesions present on transfected plasmid DNA substrates 24, 25 . In these experiments, plasmid containing DPCs (or other types of DNA lesions) that block the transcription of a reporter, such as luciferase, are transfected into cells. Luminescence measurements taken 24 -72 h later are then correlated with DPC repair. However, these indirect repair assays are incapable of detecting repair events earlier than 24 h post-transfection and cannot distinguish between RNA polymerase bypass of partially repaired substrates and complete repair. Each of the methods described above has advantages and has contributed to the current model of DPC repair. However, the SSPE-qPCR assay circumvents several of the limitations associated with these other approaches and consequently can provide more specific insight into DPC repair mechanisms. For example, the SSPE-qPCR assay can directly measure repair of site-specific DPCs on DNA in intact mammalian cells. This method is versatile and has been used to obtain repair results following transfection in hamster and human cell lines. Transfection of the plasmid can be performed using lipofection or electroporation in cultured mammalian cell lines. It also ensures that only repair of defined DPCs is measured, and not other types of DNA damage induced by most DPC-forming agents. The SSPE-qPCR is easy to perform, inexpensive, and rapid. Results obtained using this assay have detected repair events as early as 2 h post-transfection. Using this method, variables that may influence DPC repair outcomes can be studied in a manner that is sensitive and efficient. For example, the role of transcription in DPC repair has yet to be rigorously evaluated. Due to the flexibility of the SSPE-qPCR assay, the crosslinking site of the DPC can be manipulated to address this question. In addition, introduction of an origin of replication into the DPC-bearing plasmid can be used to address the influence of replication on DPC repair. Additionally, multiple crosslinks can be created on the plasmid to examine differences in repair of a single DPC versus multiple crosslinks. These are questions that would be difficult to answer using chromosomal DNA but can easily be addressed using the SSPE-qPCR assay. Overall, the SSPE-qPCR assay requires purified, plasmid DNA in microgram quantities containing a lesion of a known location. Adducts besides DPC can be used in this assay, however, the lesion must be capable of blocking extension by Taq polymerase. 3. Combine 50 µL of DNA from the previous step with 16 µL 6x gel-loading dye, and 34 µL water and subject to electrophoresis on a 0.8% low-melt agarose gel containing 0.5 µg/mL ethidium bromide. Run the gel at 2 V/cm on a 10-cm gel for 6 h in 1x TAE buffer. Excise the supercoiled band using a razor blade and weigh the gel slice ( Figure 1A) . Run a positive control to serve as a marker for where the covalently closed, supercoiled DNA migrates. CAUTION: Ethidium bromide is a mutagen and precautions should be taken to avoid contact with the skin. Also, it is important to minimize the time that the plasmid sample is exposed to UV in order to reduce the formation of UV photoproducts. 
KCl/SDS Precipitation
1. To visualize crosslinking efficiency, restriction digest 1 µg of the crosslinked plasmid with 1 μL BspDI in 10x buffer at 37 °C for 1 h to generate two different sized DNA fragments. NOTE: One fragment will be crosslinked to protein (4.4 kb) and the other will not (2.8 kB) (Figure 1B ). 1. Divide the samples in half, add SDS to both to a final concentration of 0.5%, and incubate at 65 °C for 10 min. 2. Add KCl (final concentration 100 mM) to one of the samples and incubate on ice for 5 min. 3. Centrifuge both samples at 12,000 x g for 5 min at 4 °C and run the supernatants on an agarose gel to estimate the percent conjugation of protein to DNA 12 . NOTE: KCl/SDS precipitation is used for quality control, not substrate preparation. 
Transfection into Mammalian Cells

SSPE-qPCR
1. Mix together 1 µL of recovered DNA from each time point (including 0 h), 2x SYBR green PCR master mix (30 µL), 27 µL of water, and 1 µL (100 pMol) of primer complementary to the damage strand of the plasmid (Primer R, Figure 2 ). Perform PCR using the following conditions: Initial pre-melt for 10 min at 90 °C, followed by 8 cycles of: 90 °C, 15 s, 65 °C, 1 min. At the completion of cycle 8 add 1 µL (100 pMol) of the second primer to total 60 µL (Primer L, Figure 2 ) 28 (see Table of Materials for reagent details).
Representative Results
In order to utilize the SSPE-qPCR assay to assess cellular DPC repair, a sufficient quantity (µg amounts) of high-quality DPC repair substrate must be prepared. To obtain this product, an oligonucleotide containing an 8-oxoguanine residue was annealed to complementary singlestranded DNA, primer extended, and gel purified to ensure that only covalently, closed circular product was used for transfections ( Figure 1A) . This report focuses on substrates in which borohydride-trapping is used to create a covalent crosslink between recombinant human oxoguanine glycosylase and a ribose unit on a double-stranded circular plasmid molecule, although analogous approaches can be used to obtain chemically diverse DPC substrates. The oxoguanine glycosylase/borohydride trapping strategy is especially attractive given the extremely high efficiency of the crosslinking reaction. As shown in Figure 1B , KCl/SDS precipitation performed on a DPC substrate that had been digested into two fragments selectively and nearly quantitatively depleted the DNA fragment harboring the DPC. These results support the conclusion that essentially 100% of the plasmid substrate molecules contain a protein crosslink.
The SSPE-qPCR assay described in the Protocol section utilizes CT values generated by qPCR to calculate the percent of DPC repair following transfection in mammalian cells. As Figure 2 illustrates, the protein crosslink blocks Taq polymerase from extending the 'R' primer annealed to the DPC-containing strand. A second, critical feature of this assay is the incorporation of eight rounds of SSPE reactions (using the R primer) prior to performing the qPCR assay. While undamaged (or repaired) DNA will be extended during these SSPE reactions, creating a binding site for the downstream 'L' primer, damaged DNA (or incompletely repaired DNA) will not be extended. Consequently, SSPE increases the abundance of each undamaged (or repaired) strand by eight-fold. This means that repaired samples in which the SSPE step has been performed prior to qPCR will display a CT value that is three units lower than that obtained for an identical sample in which SSPE was not performed prior to qPCR (Figure 2) . The three-unit difference in CT values observed for the two treatments, referred to as ΔCT, reflects the fact that 8 = 2 3 . This delta CT value can be used to calculate cellular DNA repair activity by using the formula: percent DNA repair = (2Δ   CT/   2 3 ) x 100. Control experiments confirmed that a delta CT value of approximately 3 was consistently observed when undamaged substrate plasmids were subjected to SSPE-qPCR (data not shown). Table 1 depicts example CT values that were generated from DPC-containing plasmid substrates that were recovered from Chinese hamster lung fibroblasts 3 h and 8 h post-transfection (Table 1A) , as well as from time zero samples, i.e., samples that were prepared as described in the Protocol section, but not transfected into cells (Table1B). The table also provides the ΔCT, and percent repair values (calculated using the formula 2Δ CT /2 3 x 100) obtained from these samples. As illustrated in Table 1A , the percent repair calculated from samples harvested 3 h and 8 h post-transfection was 66% and 93%, respectively. These values are then subtracted from that obtained from analysis of the 0 h sample to determine the percent repair. Table 1B depicts CT values for two different 0 h samples in which efficient crosslinking was or was not achieved prior to transfection. Efficiently crosslinked sample resulted in a delta CT value of 0.8 whereas a poorly crosslinked sample resulted in a delta CT value of 2.5. To date, it has not been possible to precisely determine the source of the 0.8 background signal in the efficiently crosslinked 0 h sample. It is unlikely that this background reflects a low level of either spontaneous DPC removal, or is due to a low level of Taq polymerase 'bypass' synthesis through the DPC lesion: extensive experimentation performed on highly purified single-stranded M13 substrate consistently yielded a delta CT value of approximately 0.8, i.e., essentially identical to this 'background' extension seen in DPC-containing substrates. Consequently, it is likely that there is a small degree of mis-priming of the 'R' primer during SSPE that results in the generation of a small amount of product that can subsequently be amplified when the 'L' primer is added, and qPCR performed. Efforts to eliminate this background by manipulating PCR conditions have, to date, failed to remedy this defect. However, the subtraction strategy described above permits accurate estimation of DPC repair activity. It is worth noting that inefficient crosslinking of the protein onto the plasmid will result in an elevated background value. This is depicted in the sample data provided in Table 1B where inefficient protein-DNA crosslinking resulted in a higher delta CT value for time 0. Therefore, control experiments are invariably performed prior to initiating transfections and substrates with delta CT values elevated above the 0.8 threshold level are discarded. As mentioned in the qPCR protocol, each sample is divided into 3 wells to ensure pipetting consistency. These replicates are then averaged to obtain the CT value for that sample. Replicates that deviate more than ± 0.1 are eliminated from the data set. If all three replicates deviate more than ± 0.1 from each other, the SSPE-qPCR assay is redone until consistent values are obtained. Experience shows that at least 3 independent transfections must be performed to obtain reliable average values that can then be subjected to statistical analysis to determine the influence of various parameters on DPC repair efficiency. Plasmid DNA is denatured and a primer complementary to the damaged strand (R) is annealed and extended. This process is repeated for a total of 8 cycles. With a damaged substrate (top), Taq polymerase is blocked by the DPC lesion and will not produce full length product strands. In contrast, with a repaired substrate (bottom), Taq polymerase will produce full-length product strands containing the binding site for primer L. After 8 cycles, primer L is added, and cycle threshold values are determined using qPCR. Example amplification results for damaged and undamaged substrates are illustrated on the right with the red line representing DNA that underwent primer extension prior to qPCR and blue representing DNA that was not primer extended prior to qPCR. Please click here to view a larger version of this figure. 
Discussion
The SSPE-qPCR method offers numerous advantages over other approaches by examining the repair of a homogenous population containing a single, defined DPC lesion. It is noteworthy that in addition to controlling the identity of the protein and the type of chemical crosslink used to connect the protein to the DNA, it is possible to easily manipulate the sequence context into which the DPC lesion is introduced. We have explored the influence on DPC repair of introducing the lesion on either the template or coding strand of a plasmid downstream of an active promotor locus. Similarly, we are in the process of investigating the influence on DPC repair of replication using a M13 plasmid containing an SV40 origin of replication transfected into HEK293T cells. The assay described herein directly measures DPC repair, as opposed to other strategies such as host cell reactivation that indirectly estimates repair activity 24, 25 . In addition, the system is robust, sensitive, and quantitative. Unlike other systems, which measure DPC removal, this assay only detects complete repair events, i.e., it requires not only that the DPC lesion be removed but that the integrity of the duplex DNA be fully restored 17 . This is because abasic sites and nicks or breaks in the phosphodiester backbone block the assay as effectively as the original DPC lesion 29 .
While this report focuses on a particular type of DPC, which was created by borohydride trapping of an enzyme reaction intermediate, we are currently developing approaches to study repair of DPCs involving other proteins and lesions in which the protein linkage to the DNA occurs through the nucleoside base, rather than the ribose position. Using reductive amination, we have created protein and peptide crosslinks attached to the guanine or cytosine base of a DNA primer 30 . These oligonucleotides were purified to homogeneity and used to generate supercoiled plasmids containing DNA-protein and DNA-peptide crosslinks. While the efficiency of these reactions is somewhat reduced relative to that of the oxoguanine glycosylase crosslink approach described in detail above, they were nevertheless successful and permit the examination of the repair of these substrates in wild-type and nucleotide excision repair-deficient mammalian cell lines. We have also used the SSPE-qPCR assay to study the repair of oxoguanine lesions and a synthetic ribose-cholesterol conjugate, which was previously shown to be repaired via the cellular nucleotide excision repair machinery 31 . As Figure 2 graphically depicts, repair of any lesion that blocks primer extension by Taq polymerase can, in principle, be measured using the SSPE-qPCR assay.
Current models of DPC repair suggest that larger DPCs (>10 kDa) are subjected to proteolytic processing to smaller peptide lesion prior to removal 32, 33, 34 . Most likely candidates responsible for this proteolysis are the proteasome or a specific protease in human cells named Spartan 20, 21, 35, 36, 37, 38 . Further investigations into the roles of these proteases can be conducted using the SSPE-qPCR assay. Proteasome inhibitors could be used to pretreat cells prior to transfection with DPC-containing substrates. Alternatively, Spartan knockdown cell lines could be transfected with damaged plasmids to elucidate its role in proteolysis of larger DPCs.
Irrespective of the method used to create the crosslink or of the nature of the DNA lesion, it is worth stressing that the SSPE-qPCR methodology is critically dependent on the ability to generate substantial amounts of homogeneous DPC-plasmid substrate. Steps essential for this analysis include purification of covalently, closed-circular plasmid following primer extension to eliminate any nicked or linear plasmid molecules. These contaminants must be eliminated to ensure that any subsequent DPC repair observed is not due to nick-directed or double-strand break-directed repair processes. Failure to obtain sufficient quantities of supercoiled DNA following primer extension reactions may be overcome by varying the ratio of oligonucleotide to single-stranded DNA. Another important step for the SSPE-qPCR method, is the crosslinking efficiency of the protein to the plasmid. In this study, an efficient, enzymatic reaction was used to crosslink the oxoguanine glycosylase protein to an 8-oxo-guanine lesion. Sub-optimum crosslinking can be improved by varying the amount of protein added to the reaction.
While the results described in this report relied on lipofection to introduce DPC repair substrates into recipient cells, there is no reason, a priori, other transfections methods could not be employed. We have performed preliminary studies and observed that electroporation 39 can also be used. However, it is worth noting that in our experience, electroporation transfection efficiency is reduced compared to lipofection, and we found it necessary to use carrier DNA (up to 5 µg) in addition to the 1.5 µg of DPC substrate to obtain repair data. Overall, the SSPE-qPCR method described above provides an innovative way to exclusively examine DPC repair on plasmid DNA and generate new insight into the DNA damage response.
